Previously, we isolated and identified 20 cellulase-producing bacteria from municipal wastes and peat. These bacterial isolates were characterized for their ability to degrade or modify different components of lignocellulose, including celluloses, xylan, and lignin. 6 Here, we selected 8 strains with varying lignocellulosedegrading abilities to build synthetic co-, tri-, and tetra-cultures to optimize lignocellulose decomposition with synergy between microorganisms.
Introduction
The rising cost of petroleum, concern for exhaustion of fossil fuel sources, and increasing global carbon dioxide emissions have driven the onward exploration in renewable fuels from lignocellulosic biomasses. Different lignocellulosic biomasses exist which are potential candidates for the bioconversion to bioethanol and other value-added bioproducts; this includes a variety of grasses, as well as municipal and agricultural wastes. One major limiting step to the development of economically viable second generation biofuels is the complete efficient degradation of lignocellulosic biomass using enzymes or microorganisms producing enzymes. This rate limiting step is caused by barriers such as end product inhibition, a lack in variety of enzymes for complete hydrolysis, and the harsh environmental conditions of the industrial process.
Bacteria offer several amenable traits for the decomposition of lignocelluloses and can help overcome costly hurtles in the biodegradation process. For example, bacteria have high growth rates compared with other microorganisms; they also have the ability to adapt to a wide variety of environmental conditions such as pH, salinity, and temperature changes. Moreover, bacteria can be genetically modified to cut back on feedback inhibition or increase catalytic activity of the lignocellulolytic enzymes. 1 For several years, researchers have studied pure cultures of bacteria and observed their ability to degrade simple substrates such as cellulose and xylan; pure cultures have displayed less than satisfactory activity toward lignocelluloses. 2, 3 In the environment bacteria decompose biomass such as leaf litter and decaying plant matter in concert with other microorganisms, particularly other bacteria. Thus, it is ideal to consider the use of bacterial consortia for lignocellulose decomposition. In fact recently, several researchers have begun to focus on the ability of bacterial consortia to efficiently degrade different lignocellulosic biomasses.
research has shown that a greater variety of enzymes, as well as variety of microorganisms producing enzymes, can have an overall synergistic effect on the decomposition of lignocellulosic biomass for the production of value-added bio-products. Here, 8 cellulase-degrading bacterial isolates were selected to develop co-, tri-, and tetra-cultures for the decomposition of lignocellulosic biomass. Glucose and xylose equivalents released from imitation biomass media containing 0.5% (w/v) beechwood xylan and 0.5% (w/v) avicel was measured using di-nitrosalicylic acid for all consortia, along with cell growth and survival. Thereafter, 6 co-and 2 tri-cultures with greatest decomposition were examined for ability to degrade Agave americana fiber. Interestingly, when strains were paired up in co-culture, four pairs: G+5, G+a, C+a1, and G+a1 produced high reducing sugars in 24 h: 6 µM, 8 µM, 8 µM, and finally, 6 µM, respectively. From 4 co-cultures with highest reducing sugar equivalents, tri-and tetra-cultures were produced. The bacterial consortia which had the highest reducing sugars detected were 2 tri-cultures: G + a1 + a4 and G + a1 + 5, displaying levels as high as 9 µM and 5 µM in day 1, respectively. all co-and tri-cultures maintained high cell survival for 14 days with 0.5 g ground Agave. Upon evaluating Agave dry weight after treatment, it was evident that almost half the biomass could be decomposed in 14 days. Scanning electron microscopy of treated Agave supported decomposition when compared with the control. These bacterial consortia have potential for further study of value-added by-product production during metabolism of lignocellulosic biomasses.
8 bacterial isolates selected based on previously characterized biomass-degrading capabilities ( Table 1) . As shown in Figure 1 , none of the isolates produced significantly detectable reducing sugars in 24 h (day 1), nor did they produce significantly detectable sugars after day 7 (data not shown). As well, there is a wide variation in reducing sugars production between individual bacterial isolates. For example, isolate 6S1 had a maximum detection of reducing sugars of 7.2 µM at day 2, while CDS2A had a peak at day 4 of 6.9 µM. Moreover, GH 2 OS1 peaked at day 4 producing 4.6 µM glucose equivalents, and 55S5 had the highest peak in reducing sugars of 8.1 µM at day 4. Finally, AS4 had a significantly lower peak in reducing sugars at day 7 of 3.1 µM. The remaining isolates, CH2OS1, AS1, and AS2B, did not produce significant amounts of reducing sugars when compared with the other isolates.
Decomposition of imitation biomass by co-cultures
Similarly, the reducing sugars released from imitation biomass were examined for bacterial co-cultures prepared by pairing each of the 8 previously selected isolates with each other once. A total of 10 co-cultures were developed and were split into two groups of co-cultures containing 5 each for reducing sugar measurements ( Fig. 2A and B) . In the first 5 co-cultures, all co-cultures produced significant reducing sugar equivalents at day 1 for nearly all of which was their peak reducing sugar production. For example, G + C, G + A4, C + A4, and G + 5 produced 8.2, 7.7, 6.6, and 5.9 µM of reducing sugar equivalents in 24 h, respectively. Meanwhile, the remaining co-culture, C + 5, peaked at day 7 producing 4.7 µM of reducing sugar equivalents ( Fig. 2A) . From these results two co-cultures (G + 5 and G + A4) with the greatest potential toward lignocellulose were chosen from this group for the production of bacterial consortia, based on their ability to maintain approximately half of their activity up to 4 d.
In regards to the second group of co-cultures, when looking at their reducing sugar production over 7 d in imitation media, it is readily apparent that only 2 co-cultures (C + A1 and G + A1) were capable of producing any detectable reducing sugars. G + A1 and C + A1 reducing sugars production peaked at day 1 at 7.8 and 6.0 µM, respectively. Specifically, co-culture C + A1 maintained an average reducing sugar production of 5.7 µM from day 2 to 5, while G + A1 maintained an average of 3.7 µM of reducing sugar equivalents from day 2 to 3. However, both maintained detectable reducing sugars at day 7. Both co-cultures C + A1 and G + A1 were chosen to be used in the creation of bacterial consortia.
Decomposition of imitation biomass and cell growth by triand tetra-cultures
Based on the results from the reducing sugar production in co-cultures, co-cultures (C + A1, G + A1, G + A4, and G + 5) producing the greatest reducing sugars were selected to produce 2 tetra-cultures and 4 tri-cultures. That is the most combinations possible from 4 pairs of bacteria. The reducing sugars for triand tetra-cultures were examined on imitation media and it was found that all bacterial consortia produced reducing sugar equivalents on day 1. However the 2 tetra-cultures (C + A1 + G + A4 and C + A1 + G + 5) and one tri-culture (C + A1 + G) did not produce high or consistent amounts of reducing sugars with their highest peak of 2.3, 3.6, and 3.8 µM of reducing sugar equivalents at day 1. On the other hand, the remaining tri-cultures produced displayed good activity for reducing sugar production. For example, the tri-culture G + A1 + A4 peaked at day 1 producing 8.7 µM of reducing sugars and dropped to nearly half the amount of reducing sugar production (4.2 µM) on day 2. Moreover, tri-culture G + A1 + 5 produced more consistent activity by producing approximately 4 µM of reducing sugar equivalents on day 1 and 2, meanwhile peaked again to 4.7 µM at day 7 and 4 µM on day 9 (Fig. 3A) . These two tricultures were selected for treatment of exemplar lignocellulosic biomass: Agave. Additionally, the mixed cell density of tri-and tetra-cultures was determined through plate counting using the drop plate technique, and it was found that all bacterial consortia mixed growth could be detected using the drop plate counting technique (Fig. 3B) .
Decomposition of Agave by bacterial consortia From the reducing sugar results of previous co-, tri-, and tetracultures, 6 co-cultures and 2 tri-cultures were selected as the greatest candidates for decomposition of lignocellulosic biomass, Agave fiber. In Figure 4A it is evident that all selected bacterial consortia could grow consistently on ground Agave for 14 d. On day 1, all cell densities were approximately 7.5 log(CFU/ml). Additionally, after day 3 all mixes plateaued growth to a constant average 8.3 log(CFU/ml) until day 14.
Upon evaluation of reducing sugars released from Agave by bacterial consortia, no significant reducing sugars were observed. However, it was evident that the bacteria were growing by utilizing something from the Agave, so the dry weight of the Agave was compared with the dry weight of the control and percentage of Agave degraded was calculated (Fig. 4B) . The bacterial consortia were grown in media containing 1% (w/v) Agave and 0.5% Agave, separately. It was found for consortia grown with 1% Agave the average decomposition of Agave dry weights was 15.32%. However, when the consortia were grown with 0.5% (w/v) Agave G + A4, G + A1, C + A4 decomposed 63.9, 55.9, and 55.3% Agave after 14 d, while the remaining consortia grown with 0.5% Agave decomposed an average 47.1%.
Agave morphology after decomposition (SEM)
Images of the Agave control (no bacteria) and for each of 6 co-cultures and 2 tri-cultures after 14 d treatment were taken using the SEM. In Figure 5A control, it is evident that the agave biomass with no bacterial treatment is much smoother than the treated samples (Fig. 5B-I) , and no apparent decomposition has occurred. It is clearly evident in co-cultures (Fig. 5C, C + A4;  Fig. 5E, G + A1; Fig. 5G , G + 5) and tri-culture (Fig. 5H , G + A1 + 5) that degradation of the Agave is occurring within 14 d. The fibers, which would be cellulose microtubules, have been exposed; similar fine fibers have been characterized in Agave in other studies. 7 Nonetheless, in co-cultures (Fig. 5D, C + 5;  Fig. 5F , G + A4) and tri-culture (Fig. 5I , G + A1 + A4), there is evidence of degradation by the disruption to the surface structure, leading to access of lower microtubules. Only the co-culture in Figure 5B , C + A1, showed the least decomposition and the smoothest surface comparable to control; however, evidence of degradation is represented by the crevasses.
Discussion
The use of bacterial consortia in the degradation of lignocelluloses has gained attention in bioproducts production considering consortia are recognized for their ability to perform more complicated tasks and more readily adapt to changes in the environment than mono-culture. 8 The synergy between enzymes produced by different microorganisms can help overcome the lack of efficient conversion by a single strain; this is because strains may produce high levels of some but not all enzymes required for efficient conversion. Researchers have commonly explored the potential for co-culture of microorganisms based on pre-hypothesized abilities for bacteria and/or fungi/yeast to co-exist and consolidate the degradation of cellulosic biomass with the fermentation of sugars to products such as ethanol. 9, 10, 11 In this study the exploration of co-, tri-, and tetra-cultures using new bacterial strains recently isolated for the degradation of lignocelluloses sets it apart from most other studies.
In 2005 a complex study was performed where researchers established a stable cellulose-degrading bacterial community consisting of 5 different bacterial species. The stability of the microbial community was dependent upon the network flow of substrates between species. The role of each species in the consortia was determined based on the cellulose degrading potential. 12 Then recently, similar to our work, a study explored the use of 5 bacterial isolates identified by 16rRNA gene sequence and their use in a bacterial consortium. 5 Similarly, using 8 bacterial strains previously isolated and characterized for their lignocellulolyticdegrading abilities, a variety of co-, tri-, and tetra-cultures were developed on imitation media containing crystalline cellulose and xylan. 6 Unlike studies using existing microflora, the bacteria used in this study were isolates identified by 16 rDNA sequencing similar to the previous study.
Interestingly, 6 co-cultures were among the greatest producers of reducing sugars from the imitation media. However, no tetra-cultures had significant reducing sugar production, possibly due to the complicated interactions between 4 strains in the consortia. Yet, 3 tri-cultures had significant reducing sugar production and were selected along with the 6 greatest co-cultures for the treatment of exemplar lignocellulosic biomass: Agave. When the Agave was treated with the selected co-and tricultures it was apparently degraded as was observed under the SEM. However, upon measuring of the reducing sugars released from the Agave, little reducing sugars could be detected. Due to the bacterial growth on Agave it is considered here that the lack of reducing sugars is a consequence of the consumption of sugars released. The Agave americana represents a more complex biomass and may take more energy to degrade because it may require production of different enzymes as it is comprised of cellulose (~68%), hemicellulose (~15%), moisture (~8%), lignin (~5%), and wax (~0.26%). 7 Thus, the predicted rate of degradation may be slower or accessibility to sugars more restricted than the imitation media. The dry weights were measured to provide further evidence to the hypothesis. From the dry weights, it is evident that a significant proportion of the Agave biomass is being assimilated. Using dry weights to determine biomass degradation has been done by researchers studying lignocellulose decomposition in bacteria and fungi. 13, 14 The fact that almost half the biomass was assimilated at 0.5 g/l Agave suggests significant assimilation may occur at a gradual rate. Perhaps testing the reducing sugars beyond 14 d may reveal more significant production of detectable reducing sugars, as the dry weight was taken after 21 d incubation.
Furthermore, considering the assimilation of Agave by the bacterial isolates suggests that in the process of metabolizing the sugars some products may also be produced which will be evaluated in future studies of these consortia. According to other researches, we may expect by-products such as ethanol, butanol, acetone, isopropanol, and xylitol. [15] [16] [17] Agave was chosen as the biomass for this study as an example lignocellulosic biomass, and in the future the bacterial consortia developed here can be similarly exposed to other lignocellulosic biomasses.
The co-cultures and tri-cultures which were selected for degradation of Agave consisted of 5 of 8 different bacterial strains characterized with different lignocellulose degrading abilities: Bacillus sp. 55S5 (CMC, FP, Xyl, and Lig activities), Pseudomonas sp. AS1 (CMC, FP, Xyl, and Lig activities), Bacillus sp. CH 2 OS1 (with CMC, FP, and Xyl activities), and Pseudomonas sp. GH 2 OS1 (CMC and Xyl activities), and Microbacterium sp. AS4 (CMC and Lig activities). Genera of Gram positives and Gram negatives such as these have been implicated in the degradation of cellulose, some have of which have been found to produce valueadded products from such hydrolysates. Although there is overlap in the characterized lignocellulolytic activities between these isolates, the specific activities of individually different enzymes have not been directly compared and seem to complement each other in the work presented here. The 6 co-cultures and 2 tricultures hold future potential for not only the decomposition of lignocellulosic biomass, such as agave but also the simultaneous production of value-added products.
Materials and Methods

Bacterial strains and media
The following eight bacterial isolates were used in this study: Table 1 . All strains were maintained on Luria Burtani (LB) agar plates at 4 °C or cultured overnight in 8 ml of LB broth prior to experiments. The base of all substrate media used contained salt media comprised of: NaNO 3 1 g/l, K 2 HPO 4 1 g/l, KCl 1 g/l, MgSO 4 0.5 g/l, and yeast extract 0.3 g/l. The substrates crystalline cellulose and beechwood xylan were purchased from Sigma-Aldrich, and were of HPLC grade. As well, Agave americana leaf biomass (kindly provided by Jeffrey Phelps in Redding, California) was prepared as follows: dried at 70 °C in a drying oven (Thermo Fisher Scientific) for 24 h, ground in a Wiley mill, and then sieved through 2 mm pore size mesh. Fibers of the Agave americana biomass are composed of ~83% sugars, making it an excellent candidate for hydrolysis to sugar monomers. 18 
Development of single, co-and tetra-cultures
For all experiments, all or some of the 8 bacterial isolates selected in the study were pre-grown in 6 ml of LB broth overnight at 30 °C, shaking at 200 rpm. For single cultures experiments 1 ml of overnight cultures was inoculated to individual flasks containing 100 ml of Dubois Salts Media supplemented with 0.5% (w/v) of Avicel and 0.5% (w/v) of beechwood xylan, referred to here as the imitation biomass medium. Co-cultures were designed using 5 of 8 bacterial isolates, (GH 2 OS1, CH 2 OS1, 55S5, AS1, and AS4), which presented the greatest potential in imitation media were paired with each other once; this was done by inoculating the imitation biomass medium with 500 µl of each strain in triplicate. Finally, all tri-and tetra-cultures were prepared by adding 500 µl of each selected strain (3 or 4 strains) and inoculated to the imitation biomass medium. All experiments were performed in triplicate. To simplify the strain identification in reference to co-, tri-, and tetra-cultures in the text, the following representative codes are used: GH 2 OS1 (G), CH 2 OS1 (C), 55S5 (5), AS1 (A1), and AS4 (A4), respectively.
Bacterial cell density in medium containing imitation biomass
The cell density of single, co-, tri-, and tetra-cultures was examined by the direct count drop plate technique. Cells were permitted to grow in the imitation biomass media for 21 d at 30 °C, shaking at 200 rpm. To determine cell density for each culture, 1 ml aliquots were removed from the flasks on the following days: 1, 2, 3, 4, 5, 6, 7, 10, 14, and 21. The 1 ml aliquots were then diluted to obtain countable colonies (30-300 colonies) and drop plated to LB agar in 6 µl aliquots. Then, drop plates were incubated for 18 h at 30 °C before being counted. All drop plates were done in triplicate and all experiments were repeated in triplicate. Cell densities were expressed in log (CFU/ml).
Reducing sugars All cells in single, co-, tri-, and tetra-cultures were permitted to grow in imitation biomass media for 21 d at 30 °C, shaking at 200 rpm. To determine the reducing sugar equivalents released from the imitation biomass (salts media with 0.5% [w/v] of Avicel and 0.5% [w/v] of beechwood xylan), 1 ml aliquots of media were removed from each flask on days: 1, 2, 3, 4, 5, 6, 7, 10, 14, and 21. The 1 ml aliquots were centrifuged for 2 min at 1700 g to pellet cells, cell debris, and biomass. The clear supernatant was used to measure the reducing sugars using a modified microtiter plate assay. 19 Specifically, 60 µl of supernatant was loaded in triplicate to a 96-well microtiter plate. Following, 120 µl of di-nitro-salicylic acid solution (DNS) was added to each well. The plate was then incubated at 100 °C for 5 min. The plate was then allowed to cool before 36 µl was removed from each well and individually added to 160 µl of distilled water. The plate was then read using BioRad XMark Spectrophotometric plate reader at 540 nm with 15 s shaking prior to the reading. All experiments were performed in triplicate. The reducing sugars were expressed as nm glucose equivalents.
Decomposition of Agave with bacterial consortia From the consortia previously tested, 8 that possessed the greatest potential in our imitation media were chosen to degrade Agave biomass, 6 co-cultures and 2 tri-cultures as follows: C + A1, C + A4, C + 5, G + A1, G + A4, G + 5, G + A1 + A4, and G + A1 + 5. All strains were grown for a 14 d period in 200 ml of salt media containing 0.5% and 1% Agave for separate experiments, incubated at 30 °C, and shaken at 200 rpm. Samples were collected and prepared by removing 1 ml aliquots into 1.5 ml microcentrifuge tubes, which were then centrifuged at 17 000 g for 2 min to obtain supernatant. Agave degradation was evaluated by measuring the reducing sugars in the supernatant using a microtiter plate method with DNS, as previously mentioned. Simultaneously, 0.5 ml of culture was removed and serially diluted as required to determine cell density by the drop plate counting technique, also previously described. All sampling was done from biological triplicates at days: 0-4, 6-10, and 14.
Agave dry weight after decomposition Due to a lack of reducing sugars observed, to determine whether or not the Agave biomass was being degraded, the dry weight of the Agave was determined at 14 d treatment. To accomplish this, an additional biological replicate for the treatment of Agave with bacterial consortia as described previously was used which had not been sampled from; this was to ensure biomass was not lost. Identical growth conditions and concentrations of Agave were used. Briefly, each culture was filtered through pre-weighed Whatman No. 1 filter paper (M1); following that, the culture flasks were washed thrice with approximately 10 ml of distilled water to remove residual residue and flush through bacterial cells adhering to the biomass. The filter papers with biomass were dried in an oven at 70 °C for 72 h to obtain a constant weight and then weighed (M2). Dry weights were determined by subtracting M1 from M2, compared with the control.
Agave morphology after decomposition A scanning electron microscope (SEM) was used to observe the agave morphology after decomposition with bacterial co-, tri-, and tetra-cultures previously selected. Dried Agave leaf was sliced using scalpels into approximately 1 cm 2 pieces, and 1 g of Agave portions were placed in 100 ml of salts media, then autoclaved. Thereafter, the flasks were inoculated to prepare bacterial consortia as previously described before incubating at 30 °C, with shaking at 180 rpm. Samples were collected from the Agave control containing no bacteria and bacterial treated agave after 14 d incubation. The Agave biomass samples were filtered through grade 202 filter papers, washed twice with 5 ml sterile double-distilled water, and then dried in a glass petri dish at 70 °C for 48 h. Thereafter, each sample was coated with gold for 45 s in a DentonDeskII sputter coater (Denton Vacuum USA); then, samples were examined on an SEM (Hitachi SU-70) at 5 kV.
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